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1NTRODUCTlON
High-temperature (thermal) batteries are used as power sources of many guided missiles because of their long storage life.' These batteries only function when the sa# present in the separator becomes molten. The typical electrolyte is LiCI-KCI eutedic, which melts at 352°C.
These primary batteries are heated to operating temperatures between 4OO0C and 550°C by an internal pyrotechnic source. The active discharge life depends heavily on maintaining the initial heat input to the system as long as possible. Once the temperature of the battery stack drops below the electrolyte freezing point during discharge, the battery ceases to function. Consequently, thermal management becomes a critical issue for batteries with long activated lives (e.g., >2 h). Under these conditions, ceramic composite materials such as Mi crotherm@' or Min-K@ are used, as they are the best commercial insulations outside of vacuum-multifoil combinations.' [Similar thermal-management issues are equally applicable for rechargeable (secondary) hightemperature batteries for electric vehicle applications or for peak-power storage by utilities.]
One class of materials that shows considerable mmise as insulation for this application is the aerogel.>' These consist of up to 95% trapped gas and are extremely lightweight (as low as 0.003 g/cm3). The thermal where a typical themjlal battery stack has a radiation peak when operating. Consequently, there would be excessive radiation losses in this region if aerogels were used as is (unfilled) in a thermal battery.
Mitigating this type of heat loss requires the use of thermal opacifiers, such as titania or carbon black. In this paper, we report on the characterization of titaniaand carbon-filled silica aerogels, under conditions expected in a thermal-battery environment. Similar data are presented for several conventional thermal-battery insulations, for comparison. Preliminary data for goldcoated aerogels are also presented.
EXPERIMENTAL

AEROGEL PREPARATION
Control aerogels and opacified (either EO2 or carbon) aerogels were prepared using a near-zero-shrinkage (NZS) composition developed for previous composite application^.^ NZS aerogels were prepared by a twostep process consisting of acid-catalyzed partial hydrolysis of tetraethoxysilane (TEOS) fsollowed by basecatalyzed hydrolysis and condensation. The chemistry and physics of soi-gel processing are discussed in detail el~ewhere.~ Aerogels were prepared from a TEOS "stock solution" containing TEOS, absolute ethanol, deionized water and HCI in a molar ratio of 1 :4:1:0.0007.
The reactants were heated at 6OoC for 1.5 hours in a reaction kettle with condenser. The stock solution is stable for extended periods when stored at -20 "C. 5.3%a, respectively). The carbon was Fisher lampblack which was loaded to a level of 4.5 mg/mL or -5 %. The titania was DuPont R-700 (96 % T i 2 and 3.1% AIS3), with an average particle size of 34 p. It was treated with a special organic coating to enhance dispersibility.
The mixture was again subjected to ultrasonic agitation for 2 minutes and was immediately cast into polystyrene molds (l-inch diameter). Gelation occurred within 15 minutes at room temperature. The gels were aged in ethanol vapor at 50°C for at least three days to strengthen the polymeric network.
Some of the aerogel samples were sputter coated with gold films of 1,000 A or 2,000 A thickness, to act as a reflector for IR radiation.
TEST PROCEDURES
Sample discs of Fiberfm@ laminate board (T-3OLR) and paper (970-H) from Carborundum Co. (Niagara Falls, NY) were used for comparison purpose. Min-K@ TE1400 from Schuller Specialty (Denver, CO) and its British counterpart, Microthem" from Micropore Insulation Ltd. (Merseyside, England) were also included. These four are the primary materials used for insulating the thermal battery stack. The board and paper are aluminosilicates .5-mm-thick copper discs held between two 0.1 -mmthick mica sheets. A flattened type-)< thermocoupie was placed on the bottom of the assembly, beneath the copper disc. A 6-mm-thick Min-K@ disc was used beneath the sample as insulation. A pressure of 5-6 psig was applied to the platen through a deadweight ram.
The platen was heated to the desired test temperature and equilibrated while measuring the sample temperature.
When steady-state conditions were reached, the sample and platen temperatures were recorded and the platen was heated to the next temperature. The process was then repeated in reverse, as the temperature was decremented. The temperature range examined was usually 300°C to 550°C. A 6-1/2 digit DVM under computer control was used for data acquisition. All measurements were conducted in an argon-filled glovebox.
A limited numbkr of tests were also conducted using insulation in the form of a sleeve. The test setup for these tests is shown in Figure 3 . The heated aluminum block simulated the stack of a thermal battery during discharge.
RESULTS AND DISCUSSION
INSULATION SLEEVES
The results of tests in air with sleeves of various materials 6 mm in thickness are shown in Figure 4 . The AI block was wrapped with a single wrap of l-mm-thick Fiberfrax@ ceramic blanket before installing the sleeve.
Data for the Fiberfrax@' alone are induded for cornparison. As expected, the Min-p TE1400 sleeves and Microtherm@ sleeves were comparable, since they are very similar in their intrinsic thermal properties. The temperature for the unfilled silica aerogel sleeve was lower than that of the Fiberfra? wrap alone, but was much higher than those for the comDosite insulations. This dramatically shows the radiation loss that is occuring in the infrared region.
INSULATION DISCS
Since it was very time-consuming and diicutt to fabricate additional sieeves for further testing, subsequent tests used 25-mm-thick discs and the test fixture of Figure 1 .
Fillers
The effediveness of titania as a thermal opacifier is shown in Figure 5 for several loadings. There was a substantial redudion in heat loss when up to 10% titania was added.
However, there was little difference between levels of 5.3% and 10%. Sample Face (Piaten) Temp., C Figure 5 . Effect of Titania Filler on Thermal Properties of Silica Aerogels.
The effed of carbon filler on the thermal properties of silica aerogels is shown in Figure 6 for a Sandia-made sample containing 5% C and one made commercially by Aerojet, which had an unknown concentration of carbon.
The use of carbon as a thermal opacifier was quite effective, with the Sandia-prepared sample being somewhat better in performance. The difference was about the same as that for 5.3% vs. 10% titania. The use of reflective radiation bamers was examined by sputter coating silica aerogel discs with thin gold films. Figure 7 shows the performance of discs with two different thicknesses of gold. The sample with a 1,000 A thickness showed some hysteresis. On heating (solid squares), the sample temperature was considerably lower than that of the control. When cooling from 600" to 400°C (open squares), however, the sample temperature was much higher than on heating. There was some evidence of the sample sticking to the copper discs, which could account for some of this discrepancy. Thses data indicate that some irreversible change took place with the sample during heating, which impacted its thermal properties. The sample with 2,000 A of gold coating did not show this behavior. It showed similar thermal properties as the sample with 1,000 A, but without the hysteresis on cooling. The thermal properties of the best performing materials from this work are compared to that of Min-K@ TE1400 in Figure 8 . The tiania-filled samples were comparable to the unfilled samples coated with the gold film. The latter sample was not quite as good as the carbon-filled aerogel, which was also better than the Min-p insulation. These data show that silica aerogel insulation has the potential to outperform the best commercial composite materials. 
AtmosDhere Effects
The atmosphere within insulation can have a significant impact on the thermal properties, depending on the composition of the gas. This has relevance for thermalbattery applications, since the sorbed moisture that exists within the hygroscopic materials in the battery gradually desorbs and reacts with the Li-alloy anode to generate a partial pressure of hydrogen which has a much higher thermal conductivity than ai r.i 0
All the data generated in this work were obtained under an argon atmosphere. However, we have examined the effects of atmosphere with several other thermal-battery insulations in various atmospheres. An atmosphere of helium increases the thermal losses relative to that of argon." This effect is readily evident in the thermalconductivity data of Figure 9 for the Min-K@ TE1400 composite for various atmospheres as a function of temperature.12 Thus, the thermal characteristics determined in this study will be degraded in the presence of hydrogen as it is generated during long-term storage of thermal batteries. For seled applications, the use of xenon backfilling or vacuum sealing would provide alternate techniques for minimizing this effect, although this would be costly. To date, the short operating life of a typical thermal battery should not be impacted significantly by these atmosphere effects.
Structural Considerations
The one area where the aerogels are lacking is in mechanical strength. By their very nature, they are extremely fragile and would not be able to sustain any substantial mechanical loading, which the composite insulations must do in a thermal battery. Thus, some type of reinforcing would be necessary for even the most benign thermal-battery environments. Even with the reinforcing, aerogels would not be strong enough to be used on the ends of the thermal-battery stack. They could be used in the annulus between the stack and the . case, however. Work is under way to develop a carbonfilled granular form of this material that could be poured into the annulus and then heat treated to expand and tightly fill the space. Also, cast monolith sleeves are being examined for this same purpose.
Preliminary tests with a carbon-doth disc impregnated with silica aerogel showed that the thermal properties were inferior to the unfilled control aerogel. This indicates that excessive heat loss by conduction was o w n i n g . Thus, there must be a balance between the thermal and mechanical properties. Too much filler could improve the structural characteristics but at the expense of degradation of thermal properties by increased conduction losses. Work is continuing in this area to balance these tradeoffs. Also, several different sources of carbon and process changes are being studied, to develop a more-uniform dispersion of filler.
Electrical Considerations
The use of a carbon filler with the aerogel adds one complication to its use within the thermal battery, in that it imparts some electrical conductivity to the material. Thus, when used in the annulus between the battery stack and case, electrical shorts could occur if precautions are not taken. This is not an issue with the unfilled aerogel or tiania-filled material. Fortunately, this diffrcutty can easily be addressed by wrapping the battery sfack with glass tape or a thin Fibe&ax@ blanket to eledrically insulate the battery stack. This is typically done for most thermal-battery applications.
Fabrication Considerations
The thermal characteristics of the carbon-filled aerogels measured in this work were not dramatically better than those of the commercial composite material. We were not able to fully exploit the intrinsic capabilities of these materials. Thus, there is more room for improvement. Still, there are a number of other factors that should be considered. For one, Min-K@ tends to be somewhat nonuniform its thermal properties for a given direction, because of the way it is manufactured. Its laminar nature is also responsible for its anisotropic thermal properties. The thermal conductivity in the direction parallel to the laminations is 23.6 mW/m-K in argon.
This compares to 28.5 mW/m-K in the direction perpendicular to the laminations."
Machining of Min-K@ into sleeves is not straightforward and requires a skilted machinist, because of its tendency to delaminate while turning on a lathe. The variability in the thickness of a sheet of material can be substantial, requiring additional machining or trimming. Since it not available in thicknesses greater than 3", several sleeves must be stacked for tall battery stacks, which provides for some thermal losses at the seams. When the insulating sleeves are machined from blocks of Min-p, the laminations are perpendicular to the battery axis. This orientation results in greater heat loss compared to orientation parallel to the taminations. Unfortunately, it is not possible to machine the Hock for that orientation. The low density of the aerogels make them attractive for battery applications where weight is important. Reducing the thickness of the insulation would also resuti in a smaller battery volume, which can also be a limiting requirement in some instances.
Large-scale supercritical C02 -extradon may not-be practical for a thermal-battery production environment. There are atternate methods to accomplish the same results but without the costly equipment and high pressures. This is an area currently under investigation at Sandia.
CONCLUSIONS
Silica aerogels show great promise as insulation with isotropic thermal properties for high-temperature batteries. It has the potential to much less expensive for thermal-battery use than the best commercial composites. However, unfilled aerogels are transparent in the near IR region and require the use of thermal opacifiers. in tests in an argon atmosphere, titania at a level of 5.3% is as effective as a 1,000 ,&thick coating of gdd. The most effective thermal opacifier was carbon black at a level of -5%. It outperforms Min-K@ TE1400, one of the best commercial composite insulations.
The intrinsic poor mechanical properties of the aerogels preclude their use when structural needs are important. They can be used unsupported, however, in the annulus between the thermal-battery stack and case. They can be cast into seamless monolihs, unlike the composite materials. It should be possible to cast the aerogel in the battery can prior to inserting of the battery stack, which would greatly facilitate construction and reduce costs. The low density of aerogels can result in a lower battery weight and volume, which makes aerogels attractive for a number of thermakbattety applications..
More work is underway to further improve the thermal properties of this material while, at the same time, reducing their fragiiiy. The use of a gold coating on a carbon-filled aerogel is also being explored. Once the full potential of aerogel insulations is realized, the operating lifetime of today's long-life thermal battery is expected to reach 5 6 hours from its present limits of 3-4
hours.
